of 38) show significant repulsive shifts in orientation,
shows the relation between ered to be a stable property that remains fundamentally the magnitude of the shift in optimal orientation and ⌬ unchanged after early life. In counterpoint to this belief (positive shifts are shown as repulsive with respect to are well-known psychophysical phenomena reporting the adapting orientation). For each cell, we evaluated temporal contextual effects on the perception of orientawhether a shift in preferred orientation was significant tion (Gibson, 1933 (1) control, each grating was presented for 2.5 s and data collected for the "control" tuning curve; (2) adaptation, an initial block of continuous adaptation to one grating of fixed orientation was followed by random presentations of the 16 gratings (2.5 s each presentation) and data collected for the "adaptation" tuning curve-during data collection, each grating was preceded by a 5 s "topping-up" presentation of the adapting orientation (bold lines); (3) recovery, a 10 min period of recovery with a full-field uniform stimulus (gray rectangle) was followed by random presentations of the 16 gratings (in conditions identical to the control) and data collected for the "recovery" tuning curve.
(B and C) Orientation tuning curves of two representative cells that were successively adapted to two different orientations. Each graph represents orientation tuning during four conditions: control (black), adaptation to the first orientation (solid gray), adaptation to the second orientation (dashed gray), and recovery (black, dashed line). In our tuning curve display convention, the control optimal orientation is represented as 0Њ, and all subsequent tuning curves (during adaptation and recovery) are represented relative to the control condition. at the control optimal orientation. The reduction in firing rate, measured at the control-optimal orientation, is The mean shift magnitude histogram ( Figure 1E ) was obtained by pooling cells into four bins (the first bin was Ͼ40% for orientation differences Ͻ10Њ (p Ͻ 0.05, t test). As ⌬ increases, the depression in firing rate becomes divided into two ⌬ ranges: 0Њ-5Њ and 5Њ-22.5Њ). This figure shows that the magnitude of the repulsive shift smaller until it reaches 0 when ⌬ approaches 50Њ. There Figure 2A ). Yet, adaptation induces a significant shift in optimal orientation, with the enhancement of responses on the far flank of the tuning curve (see below), the sharpening of tuning along with the reorganization of responses around the new preferred orientation. at large ⌬ is consistent with a process by which responses at a broad range of orientations reorganize Figure 2C shows that the increase in response at the new preferred orientation builds in time with continuous after adaptation.
Given the vastly different inputs and outputs of neuadaptation and is also a function of ⌬. After 10 s of adaptation, the response at the new preferred orientarons in different cortical layers that can impose restrictions on the orientation specificity of adaptation, it is tion is suppressed relative to the control response at small ⌬, with little effect at larger ⌬ (Ͼ30Њ). However, as possible that the magnitude of the shift in orientation tuning is related in some way to the recording depth. adaptation time increases, tuning curves are remodeled: there is less suppression at small ⌬ (0Њ-20Њ), marked While we did not assign cells to individual layers, there was no tendency for adaptation effects to differ as a facilitation at intermediate ⌬ (20Њ-60Њ; p Ͻ 0.05, Student's t test, comparing responses in each bin at 2 and systematic function of cortical depth. Thus, Figure 1G represents the magnitude of the significant shifts in pre-10 min with those in the control condition), and no effect at high ⌬ (60Њ-90Њ; p Ͼ 0.05)-the population data are ferred orientation (p Ͻ 0.05) as a function of cortical depth for the whole population of neurons. The scatter summarized in Table 1 . Although suppression dominates after 10 s of adaptation, after 10 min the resultant plot shows that there is no relationship between the orientation shift and cortical depth (correlation coeffifacilitation becomes stronger than the suppression observed at small ⌬ s. Importantly, the supraoptimal facilicient r ϭ 0.088, p Ͼ 0.1, Pearson test), suggesting that the observed changes in orientation selectivity constitatory effects are highly reliable for a large range of ⌬s (between 20Њ and 60Њ) after both 2 and 10 min of tute a property of cortical neurons and their local connections rather than the extent of receptive field inteadaptation. Thus, orientation plasticity involves an active process of network synaptic changes that lead to gration.
To investigate the emergence of the adaptationa new preferred orientation rather than simply a passive reduction of orientation selective responses around the induced response suppression on the near flank Figure 3B we plot the and this effect diminishes as the orientation difference approaches Ϯ90Њ. During recovery there is a reversal time course of adaptation and recovery by examining the magnitude of shift for seven cells that showed signifitoward original (control) pixel values. Figure 4D shows in greater detail the changes in individual orientation cant changes in their optimal orientation. As the averaged data ( Figure 3C) indicates, adaptation and recovdomains within a representative patch in the control map. Each histogram shows the percentage of pixels ery develop at two different time scales, with the rate of recovery being at least an order of magnitude slower within a given orientation domain as a function of orientation shift during adaptation and recovery. In agreethan the rate of adaptation (Figure 3C, inset) . We estimated the time course of the change in preferred orienment with the single-unit data, Figure 4D shows that for both positive and negative differences between each tation during adaptation and recovery in two ways: (1) calculating the slope of the linear regression line through domain's orientation and the adapting orientation, the orientation shift of pixels is maximal for small to intermethe adaptation and recovery data points shows that the rate of recovery is 11.9 times slower than the rate of diate ⌬ and then reduces in magnitude as ⌬ approaches 90Њ. adaptation; (2) fitting the adaptation and recovery curves with a single exponential each shows that the time conInterestingly, adaptation not only reorganizes the orientation preference of large individual domains, it can stant of recovery is 45.4 times the time constant of adaptation.
also shift the location of pinwheel centers. Figure 4A shows that, after adaptation, most pinwheel centers In order to obtain simultaneously information from large populations of neurons, we next investigated plaschange their location and then return toward the control spatial coordinates after recovery. This effect is due to ticity in orientation tuning by carrying out optical imaging of intrinsic signals from an expanse of V1. Figure 4A the orientation specificity of adaptation that postulates that only pixels with preferred orientations within a cershows three composite orientation preference maps from one animal, combining response images at eight tain ⌬ range should exhibit large shifts in orientation ( Figure 4C ). This orientation asymmetry is commensudifferent stimulus orientations, obtained during control, adaptation, and recovery conditions. The adapting orirate with a shift in the location of pinwheel centers. For instance, Figure Figure 5B , we determined orientation tuning curves for both individual pixels and orientation domains by would shift toward 22.5Њ (purple), etc. Pixels whose orientation preference exactly matches that of the adapting calculating orientation-dependent changes in the optical signal, before and after adaptation to a stimulus stimulus, e.g., 135Њ (dark green), would show minimal changes in their angle; others with actual preferred orioriented at 135Њ. Figure 5B shows that the orientation preference of pixels exhibits the same type of changes entation close to 135Њ (135Њ Ϯ 11.25Њ) would also shift repulsively with respect to the adapting orientation. Fias shown by individual neurons (Figures 1 and 2) . Figure  5C shows the change in signal strength for each set of nally, if the shift is reversible, all pixels should revert to their initial orientation after recovery from adaptation. orientation domains from the entire composite map and demonstrates that responses on the flank of the tuning Figure 4B shows a magnified portion from Figure 4A that captures the repulsive shift in orientation during curve near the adapting stimulus are depressed whereas responses on the far flank are facilitated (p Ͻ 10 Ϫ24 , adaptation and then shows that most pixels recover to their original orientation.
Student's t test, comparing pooled near and far flank responses with those during the control condition). To The change in orientation for each pixel during adaptation and recovery was quantified by calculating the directly link imaging and single-cell data, we performed single-cell recordings after 1 hr of continuous adaptadifference between the vector angle of each pixel before and after adaptation, and before adaptation and after tion, for a duration identical to the imaging experiments. In these cells (n ϭ 27), Figure 5D shows that such longrecovery. Figure 4C demonstrates that a repulsive shift in orientation follows adaptation. There is a positive term adaptation induces similar repulsive shifts in preferred orientation. For cells that show significant shifts change in orientation when the difference between each pixel's orientation and the adapting orientation is posiin preferred orientation (p Ͻ 0.05, Student's t test), there is a greater shift at low ⌬ that gradually decreases in tive, and a negative change in orientation when the difference between each pixel's orientation and the adaptmagnitude as ⌬ approaches 90Њ (correlation coefficient r ϭ Ϫ0.499, p Ͻ 0.01, Pearson test). Consistent with the ing orientation is negative (p Ͻ 10 Ϫ19 , Student's t test). Figure 4C shows that as the orientation difference inoptical imaging results ( Figure 5B ), long-term adaptation causes the suppression of responses on the near flank creases from 0Њ to Ϯ22.5Њ, the repulsive shift increases, Sci. 278, 425-434.
